The Kety-Schmidt technique can be regarded as the reference method for measurement of global aver age cerebral blood flow (average CBF) and global average cerebral metabolic rate of oxygen (average CMR02). However, in the practical application of the method, dif fusion equilibrium for inert gas tracer between the brain and its venous blood is not reached. As a consequence, normal values for CBF and CMR02 of 54 ml 100 g-I min -I and 3.5 ml100 g-I min -I obtained with the Kety Schmidt technique are an overestimation of the true val ues. Using the Kety-Schmidt technique we have per formed 57 measurements of CBF and CMR02 during EEG-verified wakeful rest in young normal adults. In or der to estimate the equilibrium values for CBF and CMR02, a simple computer-based simulation model was
In 1944, Seymour S. Kety, then working in the laboratory of Carl F. Schmidt, developed the first method to quantitate global average cerebral blood flow (average CBF) and global average cerebral metabolic rate of oxygen (average CMR02) (Kety and Schmidt, 1945; Schmidt, 1982) . The method is based on the Fick principle and thus represents a practical application of the law of conservation of matter. Due to its solid theoretical foundation, the Kety-Schmidt technique is today, 48 years later, still accepted as the reference method for determi nation of average levels of CBF and CMR02 (Siesjj<i employed to quantitate the systematic overestimation caused by incomplete tracer equilibrium. When correct ing the measured data, we find that the true average val ues for CBF and CMR02 in the healthy young adult are -46 ml 100 g -I min -I and -3. 0 ml 100 g -I min -I. Pre vious studies have suggested that some of the variation in CMR02 values could be ascribed to differences in cere bral venous anatomy. However in the present study, no correlation between CMR02 and cerebral venous anat omy as imaged by magnetic resonance angiography could be established. Our data show that the interindividual variation of CMR02 is 11% (coefficient of variation). Key Words: Cerebral blood flow-Cerebral metabolic rate of oxygen-Cerebral venous anatomy-Normal values Kety-Schmidt technique. et aI., 1980; Lassen, 1985) . However, in the practi cal application of the Kety-Schmidt technique, two crucial assumptions are necessary.
The first of these assumptions holds that the inert gas tracer tension in all brain tissue is the same as that of mixed cerebral venous blood when starting and stopping blood sampling. This assumption is satisfied only if all cerebral tissues are in diffusion equilibrium with arterial gas tension at the initiation and termination of blood sampling (Sapirstein and Ogden, 1956) . In the traditional application of the Kety-Schmidt technique where blood samples are obtained during the initial 10 min of tracer satura tion, white matter of the brain is far from reaching diffusion equilibrium with the arterial blood. This leads to an under-representation of the perfusion rates of white cerebral matter, and consequently to a systematic overestimation of average CBF (Sa pirstein and Ogden, 1956; Lassen et al., 1960;  Las sen and Klee, 1965) . When applying the Kety Schmidt technique in the de saturation mode with finite periods of saturation, incomplete saturation of white cerebral matter at the initiation of the desat uration period will result in a further Qverestimation of CBP and CMR02 (Lassen and Klee, 1965) .
The second crucial assumption employed with the Kety-Schmidt technique holds that blood from one internal jugular vein represents mixed blood from the whole brain. That this assumption is not totally fulfilled has been inferred from studies in which blood has been sampled simultaneously from both jugular veins, showing a side-to-side difference in measured CMR02 values. Althollgh no system atic side-to-side predominance of the measured val ues for CMR02 has been observed, these data sug gest that the interindividual difference in CMR02 reported with the Kety-Schmidt technique (Kety and Schmidt, 1948) may represent differences in ce rebral venous anatomy rather than differences in average CMR02. However, the evidence is indi rect, and a direct correlation of measured CMR02 values and the individual anatomy of cerebral ve nous drainage has not been obtained.
The present study was prompted by a series of investigations performed with the Kety-Schmidt technique in the desaturation mode with 133Xe as the inert gas tracer (Madsen et aI., 199 1a,b; 1992; 1993) . Although the systematic overestimation of CBP and CMR02 are enhanced, the de saturation mode offers specific advantages over the traditional application of the Kety-Schmidt technique, as the determination of arteriovenous (A-V) differences is more precise at lower tracer concentrations.
With this approach, a total of 57 measurements of CBP and CMR02 in healthy young adults have been obtained during EEG-verified resting wakefulness. The main purpose of the present study was, based on these 57 measurements, to assess the true values for average CBP and CMR02 during resting wake fulness. Por this purpose we employed a simple computer simulation model to quantitate the over estimation caused by the application of finite peri ods of saturation and measurement in the Kety Schmidt technique.
We furthermore wanted to investigate if blood obtained from one jugular vein represents mixed venous blood from the whole brain. Por this pur pose a comparison between measured values of CMR02 and functional anatomy of the cerebral ve nous drainage as imaged by magnetic resonance an giography (MR angiography) was carried out.
MATERIALS AND METHODS

Subjects
Fifty-seven measurements of average CBF and average CMR02 were performed in 30 non medicated volunteers (11 women, 19 men) aged between 22 and 38 years (mean age 27 (±5) (SD) years). All participants gave a normal health questionnaire and had a normal clinical health ex amination. Before measurement the participants gave in formed consent, and the studies were approved by the Ethical Committee of Copenhagen.
Mental state during measurements
Measurements were performed during resting wakeful ness. The subject was lying quietly relaxed in the supine position, with eyes closed, and without physical move ments. Interference from the external environment was minimal (Madsen et aI., 1991a,b; 1992; 1993) . In 45 of 57 measurements, wakefulness was verified by electroen cephalography recorded and scored according to stan dard criteria (Rechtschaffen and Kales, 1968) . In 10 of these 45 cases, the nonstressed mental state was further more verified by determinations of plasma levels of epi nephrine and norepinephrine (Madsen et aI., 1992) .
Measurement of CBF and CMR02
Average CBF and average CMR02 were measured us ing the Kety-Schmidt technique in the de saturation mode with 133Xe as the tracer. Cerebral venous blood was sam pled from a catheter inserted percutaneously low on the neck into the right internal jugular vein using the Seldinger technique and advancing the tip of the catheter to the bulb of the jugular vein (Jacobsen and Enevoldsen, 1989) . The correct placement of the catheter tip was ver ified as described elsewhere (Jacobsen and Enevoldsen, 1989) . Arterial blood was sampled from a catheter placed in the right radial artery. The two catheter systems were of the same volume (3.5 ml). For 133Xe administration, a catheter was placed in the left cubital vein. In order to avoid significant localized 133Xe uptake, the tip of this catheter was advanced to a large vessel with a relatively high blood flow velocity (axillary vein). The brain was saturated by intravenous infusion of 133Xe dissolved in saline at constant rate of approxi mately 15 MBq/min. Saturation times were 15, 17, and 30 min, respectively. With an effective dose equivalent of 0.19 f.lSv/MBq (Annals, 1988) each measurement caused a radiation dose of less than 0.1 mSv. A dead-space vol ume 1.5 ml larger than the catheter volume of 3.5 ml was drawn simultaneously from both catheters immediately before 1 ml of blood was drawn into syringes of known weight. Before the study, it was assured that the volume of blood sampled was sufficient to minimize problems with dispersion. Blood samples were obtained at exact times t = -2, -1,0,0.5,1,2,3,4,6,8, and 10 min (t = o denoting the infusion stop). To avoid loss of 133Xe gas by diffusion, the syringes were reweighed immediately after each run and placed in sealed vials for immediate counting in a well counter (Packard Auto-Gamma 5650). Paired blood samples for determination of oxygen satu ration (02sa'), arterial carbon dioxide tension (P aC02)' and hemoglobin concentration [Hb] were drawn in duplicate at t = -1, 4, and 8 min, storing all blood samples on ice immediately. 02sato Pac02, and [Hb] were determined within 15 min of sampling on OSM3 and ABL III appa ratus (Radiometer, Copenhagen).
Calculations
CBF was calculated using the Kety-Schmidt equation modified for the application of the method in the desatu-ration mode (Kety and Schmidt, 1945; Lassen and Klee, 1965) :
where Cv and Ca are the venous and arterial 1 33Xe con centrations in arbitrary units, t 1 is the time for initiation of de saturation (initiation of measuring period), and t2 is the time for the cessation of blood sampling (cessation of measuring period). In the present study, t 1 and t2 were 0 and 10 min, respectively. A mean brain-to-blood partition coefficient for 1 33Xe
(A) of 1.11 mllg was employed. This value corresponds to a gray:white cerebral matter ratio of 60:40 (Veall and Mal lett, 1965) In the present study, a cerebral ar teriovenous difference of physically dissolved blood of 2 mllL was employed in the calculation of the total cerebral arteriovenous O2 difference (Guyton, 1991) .
Simulating procedure
A computer simulation of the Kety-Schmidt measure ment was performed on a Micro V AX II computer utiliz ing the graphics facilities of our brain scanner. The sim ulation modeled the brain as a parallel two-compartment system. Relative weight and partition coefficient of each compartment were specified separately. The input func tion to the brain (the arterial curve) was modeled as a rectangular pulse of duration T (saturation time) con volved with a biexponential curve described by two rel ative weights, a fast and a slow exponential constant. For a given ratio of gray/white cerebral matter, input func tion, and duration of measurement (de saturation time) D, the result of the simulation has the formJ(jg,fw) giving the "observed" Kety-Schmidt CBF value J as a function of two variables, the assumed gray and white matter blood flows (jg, fw)' In all simulations the ratio of gray/white matter weights was set at 60:40 (Veall and Mallett, 1965) and gray matter and white matter A was set to 0.85 and 1.50 mllg, respectively (Veall and Mallett, 1965) . The three variables describing the arterial input function were derived from the average of all observed arterial input functions (Fig. 1) . The simulation was performed for a number of saturation and de saturation time sets (T,D).
The simulations corresponding to the experimentally per formed time sets (15,10), (17,10), and (30,10) were sup plemented by two hypothetical "experiments" (:xl, 10) and (:xl,:xl) , the former being analogous to the traditional ap plication of the Kety-Schmidt technique with measure ment during the initial 10 min of saturation, the latter corresponding to the ideal situation independent of all compartmental assumptions. For the purpose of practical application, a final restriction of the function fwas made to the line given by fgfw = 4: 1. The calculation is com pletely deterministic with no statistical error added.
In the range of observed CBF values, the functional dependency between the measured (simulated) J(jg,fw)
Time ( It should be noted that there is a strong covariation between all the points, i.e., standard deviation bars do not in any way describe the un certainty of the flow determination in a single experiment. An incomplete diffusion equilibrium of 1 33Xe between cerebral tissues and venous blood at the beginning and termination of the measurement can be inferred from the dissimilar values of 1 33Xe concentration in arterial and cerebral venous blood obtained at t = 0 and t = 10 min, respectively. Also note the increase in 1 33Xe concentration in arterial and venous blood samples at the end of the saturation period, where the 1 33Xe concentration in arterial and venous blood can be consid ered almost constant. This implies a slight diffusion of 1 33Xe from blood obtained at t = -2 and t = -1 min into the catheters used for blood sampling (see text). and the "true" weighted CBF = 0.6f g + OAfw was ap proximated by a linear regression (Fig. 2) . These corre lations establish ways of either correcting the measured Kety-Schmidt values from our (three different) experi mental setups to the ideal situation (CBFx.x) or compar ing them to the "traditional" values (CBFx,)O). For each individual value of CBFx,1O and CBFx.x, a value for CMR02x 10 and CMR02x x was calculated using the mea sured value for cerebral (A -V)02 difference. A detailed mathematical description of the simulation procedure is given in the Appendix.
Assessment of reproducibility of results
In 17 subjects, repeated measurement of CBF, (A-V)02 and CMR02 were performed on different days, during similar experimental conditions. From these measure ments, the variation within subjects (intraindividual vari ation) and the variation between subjects (interindividual variation) were calculated, The variation of CBF and CMR02 values was calculated from values corrected for effects induced by nonfinite periods of saturation and de saturation (CBFx x and CMR02x xl. Variations are ex pressed as the coefficient of variation (Co V) (the standard deviation in percent of the mean value of the 34 paired measurements). The statistical relationship between the variation between subjects and the variation within sub jects was assessed by Fisher's test.
MR angiography
In nine subjects the anatomy of the cerebral venous drainage was assessed by MR angiography. Subjects for and the relationship between CBF 00 = and CBF = 1 0 was de scribed by CBF 00 00 = (CBF 00 1 0 x 1.041) -10.9, ir > 0.999).
Similar correlations were found for the remaining experimen tal set-up (CBF 1 7. 1 O).
MR angiography were selected in order to assure a large variety of CMR02 values. In eight of the nine subjects, more than one measurement of CMR02 had been per formed and in these cases the mean of CMR02 values from repeated measurements was used. The MR angiography was performed with a Magnetom 63 SP 84 (Siemens) working at 1.5 T. Images were ob tained by a two-dimensional flash technique, TR 32 ms, TE 10 ms, flip angle 50°, slice thickness 3 mm, field of view 200 mm, and different angulations deviating 20-40° from the sagittal plane. In a few cases, supplementary sequences were used. Postprocessing was performed us ing a maximum intensity projection technique. MR im ages were scored by an independent researcher (MH) who had no knowledge of values for CBF and CMR02•
RESULTS
Measured values
For the 30 subjects studied, the mean (±SD) of the measured average CBF value for the 57 mea surements was 55. 7 ± 9. 4 miIOO g-l min-l (range: 41. 6-84.5 ml 100 g-I min-I) the average cerebral (A -V)02 difference was 67 ± II mllL (range 44-87), and average CMR02 was 3.63 ± 0.47 ml 100 g-l min-l (range 2.54-4.76 mllOO g-I min-I) (Ta ble 1). The average of [Hb] values determined dur ing the 57 measurements was 8. 2 ± 0. 8 mmollL (range 6.6-9.3), and average Paco2 was 5. 15 ± 0. 37 kPa (range 4.40-6.04 kPa).
Computer simulation
For the range of CBF values observed in the present investigation, the computer model de scribed an almost linear functional dependency be tween the three sets of "observed" CBF values and CB Fxo, 1 O and CBFoo•oo (Fig. 2) . For the range of CBF values observed, the linear functional dependency was approximated by linear regression, and coeffi cients of correlation were for all these correlations better than 0. 999 (Fig. 2) .
When correcting the measured values from our three different experimental setups to the corre sponding values simulated for the ideal situation with infinite periods of 133Xe saturation and mea surement, the mean of corresponding values for CBFoo•oo and CMR02oo,oo was 45.0 ± 9. 9 and 2. 92 ± 0. 47 mllOO g-I min-I, respectively (Table 1) .
When comparing our measured values to the cor responding values simulated for an experiment analogous to the traditional application of the Kety Schmidt, the corresponding values of CBFoo, l o and CMR02oo, 1 O were 53. 7 ± 9. 4 and 3. 50 ± 0. 49 ml 100 g-l min -I (Table 1) . 
Reproducibility of results
The intraindividual variation of CMR0200 00 values was 5.7% (Co V) and this variation was sig � ificantly (p < 0.0 1) smaller than the 11.3% interindividual variation ( Table 2 ). The intraindividual variation and the interindividual variation of CBF,,,, 00 values were 12.9% and 16.6%, respectively. T h e differ ence between the magnitude of these variations was not statistically significant ( Table 2 ). The intraindi vidual variation of (A -V)02 differences was 8.3% and this variation was significantly (p < 0.0 1) smaller than the 14.5% interindividual variation of (A -V)02 values (Table 2 ).
MR angiography
The MR angiograms showed in the majority of cases a pronounced lateralization of the venous drainage. Only in one of the nine subjects examined did the superior sagittal sinus and the straight sinus contribute equally to the two transverse sinuses. In the remaining cases, a pronounced lateralization of one or two of the large cerebral sinuses was ob served (Table 3) . No correlation between the ob served pattern of venous drainage and CMR02 was observed (Table 3) .
DISCUSSION
Technical considerations
In order to obtain a correct determination of av erage CBF and CMR02, the concentration of \33Xe in blood sampled from catheters must be a valid representation of 133Xe concentration in arterial and jugular venous blood. \33Xe dissolves in the poly urethane catheters used for blood sampling, and \33Xe will diffuse from sampled blood into the cath eter wall until the catheter is saturated. When blood samples are obtained at t = -2 and t = -1 at the end of the saturation period, the concentration of \33Xe in arterial and venous blood can be consid- Variation of results when paired measurements are performed in the same subject during similar test conditions (resting wake fulness). Results are obtained from 34 measurements obtained in 17 subjects. The measure of variation is in all cases a coefficient of variation (standard deviation in percent of the average value). Total denotes total variation between the results from 34 mea surements. Within sub denotes the variation within subject (re producibility), and between sub denotes variation between sub jects. Statistical difference between variation within subjects and variation between subjects was assessed by Fisher's test.
a Denotes statistically significant difference (p < 0.01).
J Cereb Blood Flow Metab. Vol. 13, No.4, 1993 SSS denotes data for the superior sagittal sinus and SS denotes data for the straight sinus. L (left) or R (right) denotes the side of lateralization. In parentheses are given the percentage of venous blood estimated to be drained to the side of lateralization. CP denotes the common pool variant where there is a coalescence of the straight sinus and superior sagittal sinus with drainage to both transverse sinuses. In all cases, CMR02 values were cal culated on the basis of blood obtained from the right jugular vein. ered almost constant. The \33Xe concentration in blood samples obtained at t = -2 and t = -1 was on the average 4% and 1% lower than values in blood samples obtained at t = 0 (Fig. 1) , and this may imply that some of the \33Xe in these blood samples had dissolved into the catheter wall. Val ues for \33Xe concentration at t = -2 and t = -1 were not used in the calculation of CBF, but if \33Xe has been removed from blood obtained at t = 0, it will lead to an underestimation of CBF. However, based on simple extrapolation from values obtained during saturation at t = -2 and t = -1, one can assume that \33Xe saturation of the catheters at t = o is almost complete and consequently that only a very limited « 1 %) amount of \33Xe at this point of time is removed from sampled blood into the cath eters. This condition can therefore have led, at most, to an underestimation of CBF of 1%.
Some of the \33Xe dissolved in the catheters will subsequently be released into blood samples ob tained during \33Xe desaturation. However, as the volume of the two catheter systems was the same and as arterial and venous values for 1 33Xe concen tration were almost similar at initiation and termi nation of blood sampling, the amounts of \33Xe re leased into arterial and venous blood samples dur ing a measurement are practically the same. During de saturation , only the difference between \33Xe concentration in arterial and jugular venous blood is used in the calculation of CBF, and this potential source of error can therefore be considered of neg ligible importance.
With the Kety-Schmidt technique, the effect of timing errors is quite small, and errors due to inac curacy in timing of blood sampling will be modest. For a rough estimate, one may just note that the measured flow is inversely proportional to the area between the curves, which again represents (for normalized height) the mean transit time through the brain. For a mean CBF of 50 rnll00 g-I min -I, and a >.. close to unity, this transit time is -120 s. It follows that a time shift of 1 s between the curves will reduce the area, and hence change the mea sured flow, by approximately 1/ 120 or 0.8%. A di rect simulation has been performed using the mean curves (Fig. 1) , and the above result has been con firmed for timing errors varying between -10 s and + 10 s. The sensitivity to timing errors thereby is considerably smaller than in the H2 150 positron emission tomography method, where the sensitivity to errors (dependent on integration duration) is 2-6% per second (!ida et aI., 1986) or the 133Xe inhalation single-photon emission tomography method where the figure is 2-3% per second (Holm, 1988) .
Effect of heterogeneous cerebral perfusion
The simulation exemplified in Fig. 3 demon strates the most important objection to the Kety Schmidt method. As first described by Sapirstein and Ogden (1956) , the observed CBF value is not uniquely determined by the true mean CBF but de pends on the distribution of flow values between the different (in this simple example, two) compart ments. As also stressed by these authors, not even the sign of change in blood flow is independent of assumptions. An increased flow in the lower per fused of two compartments may, over a certain range of flow values, cause the observed flow to decrease whereas true mean CBF certainly has in creased.
Consider a simple example where perfusion rate in white cerebral matter is infinitely small and gray cerebral matter perfusion rate is 80 ml 100 g-I min -I. In this situation, only infinitely small amounts of tracer from white matter will appear in cerebral venous blood and the venous curve will, during a finite period of measurement, reflect the release of tracer from gray matter. In this situation, the measured value for average CBF will reflect gray matter flow only, and therefore be too high. If perfusion in white matter now increases, "true" av erage CBF will have increased. The effect on the measured value, however, must be in the opposite direction as detectable amounts of tracer from white cerebral matter will now appear in venous blood. This will cause perfusion rates in white mat ter to be included in average CBF. Thus, the Kety Schmidt method is not a completely independent reference method, but must rely on other methods to justify the selection of necessary assumptions.
The normal value for average CBF and CMR02
In the present study, we have attempted a cor rection for the error caused by finite periods of sat uration and measurement. In the application of the simulation model it is assumed that the ratio be tween perfusion rates in gray and white cerebral matter is 4: 1 in normal man. This assumption is based on data obtained with positron emission to mography (Frackowiak et aI., 1980; Roland et aI., 1987; Lammertsma et aI., 1990) , deoxyglucose au toradiography (monkeys) (Kennedy et aI., 1978; Sokoloff, 198 1; Kennedy et aI., 1982) and the intra arterial 133Xe clearance method (Sveinsdottir et aI., 1972) . Alterations in the chosen value for gray/ white perfusion ratio will have a moderate effect on the estimated value for CBF"", 1 O and CBE",OO" If gray/white perfusion ratio values of 3.5:1 and 4.5:1 are employed instead of the chosen value of 4: 1, the resulting values for CBF"" 00 will be 5% higher (3.5: 1) or 6% lower (4.5: 1), than ' the value reported. In order to compare results from the present in vestigation with results obtained with the traditional application of the Kety-Schmidt technique, we cor rected our measured CBF values for the finite sat uration time employed (Table 1 ). The resulting av erage value for CBF 00, 1 0 of 53.7 ml 100 g -1 min -1 is indeed very close to the value of 54 ml 100 g -1 min -1 reported by Kety and Schmidt in their orig inal paper (Kety and Schmidt, 1948) . However, the corrected value for CMR02°o, l o of 3.50 ml 100 g-I min -I differs slightly from the value of 3.3 ml 100 g -1 min -1 originally reported by Kety and Schmidt, but is the same as the average CMR02 value of 3.5 ml 100 g -1 min -1 compiled in a review of the literature (Lassen, 1959) .
Due to a slight contamination of internal jugular venous blood with blood from slowly perfused ex tracranial tissues, it is not possible to obtain a valid CBF "","" value by extending the experimental peri ods of saturation and de saturation to "infinity." If the period of saturation is terminated well before diffusion equilibrium between arterial blood and fa cial tissues is reached, and if the measuring period is also short relative to the time constant(s) of ex tracranial tissues, the influence of extracranial con tamination will be restricted by the quite limited amount of tracer appearing during the measuring period. The admixture of blood of extracranial ori gin is less than 2.6% (Shenkin et aI., 1948; Lassen, 1959) . The amount of extracranial contamination is dependent on the mass of extracranial tissues that is in contact with jugular venous blood and on the ratio of CBF and extracranial perfusion rate. The perfusion rate and>.. in extracranial tissue have been determined as 5 ml 100 g -1 min -1 and 5 ml g-I, FIG. 3. A specific example of the output from the simulation procedure described in the text. A brain composition of 60% gray and 40% white matter was assumed. The gray and white matter partition coef ficients (�) were chosen as 0.85 and 1.50 mllml, respectively. The saturation time was 15 min and the arterial input function to the brain was obtained by convoluting a rectangular pulse of duration T with a biexponential function 0.86 • exp( -1.0t} + 0.14 • exp( -0.1t}, with constants de rived from the mean curve shown on Fig.  1 . The sampling (measuring) time of the "experiment" was set to 10 min. The two coordinate axes represent the assumed flow of the model's two compartments, i.e., gray and white matter flow. Each pOint within the coordinate system corre sponds to such a choice (fg,fw)' The set of parallel black lines represents "iso-CBF lines", i.e., they are drawn through points in the coordinate system having the same weighted mean CBF. These average CBF values are shown in red. The lines all have slope -1.5 as a consequence of the assumed gray to white matter composition ratio 60:40. Th� white lines combine points having a fixed ratio, e.g., 4:1, between assumed gray and white matter flow. The result and function f(fg,fw} from the simulation, the "observed" flow, represents the outcome of an ideal Kety-Schmidt experiment given that the actual compartment flow values were (fg,fw)' Its values are illustrated with color coding, according to the scale shown beneath the coordinate system. For any choice of gray and white matter flow, it is therefore possible to read from the figure the true average CBF as well as the measured CBF. Consider as an example the point (80,20), i.e., fg = 80, fw = 20. The true mean is between 55 and 60 (actually 56) but the "measured" value read from the color scale is between 65 and 70 (69). It is evident from the figure that (a) the observed values of f are not, in general, equal to the underlying true, average CBF. For the simulation values here shown, and within the limits of realistic flow values in this figure, the Kety-Schmidt measurement is seen to overestimate values of CBF; (b) lines drawn through points yielding the same result in a Kety-Schmidt experiment, i.e., points of the same color do not follow the iso-CBF lines. As a consequence, the observed flow values are not unique but correspond to a range of underlying flow values. In the "worst case," an observed change in mean flow may actually have been caused by an opposite change in the white matter flow. This uncertainty can be resolved only by the introduction of further assumptions, e.g., that the ration fg:fw = 4, reducing the problem to one dimension.
respectively (Friberg et aI., 1986) . With a CBF of 45 ml 100 g-I min -I, and an extracranial perfusion rate of 5 ml 100 g-I min -I, a 2.6% extracranial contamination signifies that extracranial tissues constitute approximately 20% of the tissue from which jugular venous blood is obtained. Employing these values to describe a single slowly perfused tissue mass, and considering the brain a single ho mogeneous perfused tissue mass with a perfusion rate of 45 ml 100 g -I min -I and a X. of 1. 11 ml g -I, our computer simulation model was used to esti mate the error. Considering a 30-min saturation and a 10-min measuring period, we found an underesti mation of CBF values by maximally 1.5%. If, how ever, diffusion equilibrium is reached during satu ration, and the measurement during desaturation is prolonged until even the slow compartment has been emptied (a process taking several hours), the extracranial contamination will be represented by the total amount of 133Xe taken up by these tissues, and consequently weighed in the "area calculation" according to the relation between X. in extracranial tissues and X. employed in the calculation of CBF. The 2.6% contamination with blood from slowly perfused tissues will then result in an underestima tion of CBF by >50%. Vol. 13, No.4, 1993 In order to obtain a measure for "true" average CBF and CMR02, a correction for errors due to finite periods of saturation and measurement was performed. The resulting values for average CBFoo,oo and average CMR02°o,oo were 45.0 and 2.92 ml 100 g -I min -I, respectively. These estimated values for CBF 00 , 00 and CMR02°o,oo are almost identical to the values of 45.0 and 3.02 ml 100 g-I min-I, re spectively, that were obtained with a principally dif ferent simulation procedure where the saturation curves were extrapolated to infinity by the conven tional monoexponential procedure (Cohen et aI., 1967) . The values estimated for an infinite experi ment must represent a slight underestimation of the true value for CBF and CMR02• If the effect of extracranial contamination « 1.5%) and errors due to uptake of 133Xe into catheters at t = 0 ( < 1 %) are taken into account, the resulting values will be mar ginally higher. Taken together, our data therefore imply that the true average values for CBF and CMR02 in the healthy young adult are very close to 46 and 3.0 ml 100 g-I min -I, respectively.
It should, however, be emphasized that the cor rection procedure described in the present paper is applicable only to results obtained in healthy sub jects. In some diseased states where, e.g., a partial cerebral infarction has added a slowly perfused compartment, the assumptions on which the correc tion procedure is based are invalid. In these cases, not only average CBF and CMR02 may be quanti tated erroneously, but even the sign of changes in these variables may be wrong.
It should also be noted that the validity of mea sured values for CBF and CMR02 and values for CBF 00 , 00 and CMR02°o,oo inferred from our correction procedure are directly dependent on the validity of the A values. In the calculation of CBF, and in the correction procedure of the measured CBF values, we have used the traditionally employed A values for 133Xe that are inferred from the study by Yeall and Mallett (1965) . These A values are indirectly supported by data obtained with other tracers such as 85K and N20. Although CBF values in these studies are obtained with A values for other inert gases, identical values for CBFoo, I O (Kety and Schmidt, 1948) and CBFxo,oo (Cohen et aI., 1967) are obtained.
The values for CBFx, l O and CBFoo,oo are further more dependent on the ratio between gray and white cerebral matter weights employed in the com puter simulation. In the model, a ratio of 60:40 was assumed. This ratio is inferred from the relationship between A gray matter> A White matter and Aw h ol e b rai n (Yeall and Mallett, 1965) . Hence, values for gray/ white matter ratio and A are closely connected, and evaluation of the effect of the chosen ratio for gray/ white matter is not straightforward. However, it may be assumed that the value for A w h ol e b rai n is the most precise as the determination of this variable is not dependent on a precise anatomical separation of white and gray cerebral matter (Yeall and Mallett, 1965) . A A W hol e b rai n of 1. 11 together with a gray/ white matter ratio of 50:50 is compatible with values for A White matter' and Ag ray matter of 1.42 and 0. 80 ml/g. Employing these values in our simulation model gives only slightly different values for CBFoo,OO' With the assumption of a gray/white matter ratio of 50:50 CBFoo•oo will be approximately 1% higher than the value we obtained with a 60:40 gray/white matter ratio.
MR angiography
When CMR0200,oo values obtained from consecu tive measurements in the same individuals were compared, a 6% intraindividual variation was ob served. The intraindividual variation of CMR02°o,oo can be taken to represent random errors of techni cal nature and biological variation with time.
The interindividual variation of CMR02oo,oo values was 11%. Data from earlier studies may put into question whether this interindividual variation truly represents a variation in CMR02 or if it is due to other factors. Early studies in which bilateral CMR02 values were obtained by simultaneous blood sampling from both jugular veins have been taken to suggest that part of the interindividual vari ation CMR02 values could be due to variations in anatomy of the cerebral venous drainage (Lassen, 1959; Lassen et aI., 1960; Lassen and Lane, 196 1) . In the present study, cerebral venous anatomy was evaluated in nine subjects by MR angiography. The MR angiograms showed a pronounced interindivid ual variation of the cerebral venous drainage. How ever, no correlation between anatomy of the cere bral venous drainage and values for CMR02 or CMR02°o,oo could be identified. Hence, we find no indication for cerebral venous anatomy as a factor contributing to the observed interindividual varia tion in CMR02. It should also be noted that the reduced variation of CMR02 values with bilateral blood sampling may result from the improved mea suring accuracy that results from double determina tion of CMR02 values. Taken together, our data imply that the cerebral metabolic rate varies ap proximately 11 % between individuals, and that this interindividual variation in CMR02 may account for most of the total variation of values for CMR02 obtained with the Kety-Schmidt technique.
CONCLUSION
As pointed out by Sapirstein and Ogden (1956) , one of the few assumptions employed with the Kety-Schmidt technique is not fulfilled in the prac tical application of the method. This leads to a quite considerable systematic error in the determination of average CBF and CMR02• In this study, a simple correction procedure was applied to the results of 57 Kety-Schmidt experiments performed on healthy young subjects. The applied correction pro cedure is straightforward and the resulting values taken to represent true values for CBF and CMR02 are dependent on a few assumptions only. The va lidity of values for CBF and CMR02 obtained with other, more technically sophisticated methods rely on a larger number of assumptions. Furthermore, due to the advanced conceptual basis of many of these techniques, it is difficult or impossible to per form a thorough analysis of the validity of the as sumptions employed.
The solid theoretical foundation of the Kety Schmidt technique combined with the accessibility to a satisfactory verification of the necessary as sumptions, therefore, renders the Kety-Schmidt technique the "gold standard" for determination of average CBF and CMR02 in the healthy subject.
The most crucial assumptions employed with the Kety-Schmidt technique and the subsequent cor rection procedure are the applied values for A, the assumed ratio of gray and white cerebral matter perfusion rates, and the amount of blood from ex tracranial tissues assumed to appear in jugular ve nous blood. However, the assumptions applied in the present study are all based on independent methodology and there are no obvious reasons to expect that they should be exposed to gross errors. Taken together, it is therefore not likely that the mean values for true average CBF and CMR02 in the healthy young adult deviate considerably (>10%) from the values of 46 and 3.0 ml 100 g-l min -1, which were the results of the present study.
APPENDIX
The simulating procedure assumes an arterial input function Ca(t). For any choice of brain composition, and compartment values of flow and partition coefficients, the brain tissue concentration Ci(t) and the venous outlet con centration Cv(t) are calculated from the arterial input function as a function of time. When Ca(t), and Cv(t) are known, the outcome of a hypothetical Kety-Schmidt ex periment can be calculated directly from the Kety Schmidt equation. The error due to finite periods of sat uration and measurement can be estimated by compari son to the flow values applied in the simulation. This appendix gives the equations applied in the simulation.
The input function was described as a rectangular pulse of duration T convolved by a sum of exponentials.
In explicit notation:
where each exponential is characterized by a constant Lp and a weighing factor aj (with 'i.jaj = O. Based upon experience (Fig. 1) , the number of exponentials was lim ited to two. For convenience, the general abbreviation
[kt ] = (1 -exp(kt)) will be used in the following.
The brain was modeled as a number of parallel, well mixed compartments (i), with relative weight W; ('i.;w; = 1), partition coefficient A;, and perfusio"h.t;. For the prac tical application, only two compartmi<nts ("gray" and "white" matter) were considered.
The brain tissue concentration for compartment i, Ci(t)
is calculated as (2) where k; = .t;/A;, and where * denotes convolution.
Integration of (2) using (1) for Ca(t) is straightforward, J Cereb Blood Flow Metab, Vol. 13, No.4, 1993 but tedious, yielding for k; ¥= L/ in the following expres sions (note the symmetry in k; and L):
Ci ( The mixed venous concentration Cv(t) is calculated from the compartmental values Cv;(t) as:
where Fj = .t; . w/('i.;.t; . w;) is the fraction of the total brain blood flow that passes through compartment i ('i.;F; = 1).
When t is considered the end point of measurement, t -T is set to D, the "desaturation" period = the mea surement period. Then the "height difference" tlll in the numerator in the Kety-Schmidt equation is !:lH = Cv(T) -CvCT + D) and, by inserting (3) and (4):
The integral of the venous curve is 
